In performance-based fire safety design of buildings, design fires are assumed based on relatively coarse information of potential combustible objects described by the object name, weight, size and constituent materials. The fire effect is calculated by using assumed design heat release rate (HRR) to judge appropriateness of fire safety provisions. For this purpose, a simple estimation method to estimate design HRR curve (full time history of HRR) was developed. The method is based on summary of available experimental datasets of various combustibles, which were categorized into groups by their names and constituent materials. As a nature of categorized groups, there are two types of variations of HRR characteristics within each category group. One type is that the object size is almost constant within each category group. For this type, HRR curves are simply averaged over the available datasets in order to obtain the characteristic design HRR curve. The method was applied to chairs and sofas. The other type is that the object size varies within each category group. To develop size-dependent HRR curves, rates of fire growth and decay were averaged over datasets in the group. Maximum HRR and total heat release (THR) were correlated with surface area and weight, respectively.
INTRODUCTION
In performance-based fire safety design of buildings, design fire scenarios are assumed based on expected usage of rooms. The fire consequence such as smoke temperature and flame length are calculated in order to check the adequacy of safety provisions of evacuation, fire resistance and fire fighting and so on. For this purpose, the design heat release rate (HRR) should be established based on rigorous identification of combustible objects (What will burn?) and on physical phenomena in concern (How do they burn?). However there are few reliable basis of knowledge on the assumption of design HRR readily available to fire safety engineers.
This study is focused on the latter problem. After a design fuel package (assembly of combustible items) was identified, HRR must be estimated in some ways. There are many physical models to calculate HRR curves in detail. For example, Delichatsios et al. [1] proposed a model to predict fire growth rates of wood cribs ignited at the center of its base. In the study, it is assumed that the burning front is a circular cylindrical surface with the center of its base at the ignition point and a height equal to the crib height. Radial flame spread speed was calculated as a function of density. Then the heat release rate was calculated by the wood surface contained in the burning volume.
Yamashika et al. [2] proposed a model to predict burning rate of a wood crib for various stick size and geometry. To apply these models, it is necessary to know detailed information such as stick length, thickness, number of sticks per layer and stick spacing and physical properties such as density and the thermal conductivity of constituent materials. For the design of sprinkler systems, Delichatsios et al. [3] analyzed the free burn test results of rack storage commodities of various density and arrangement.
They found that fire growth rates depend on the overall geometry of the array and on the volume fraction occupied by plastic commodities. Their model includes the effect of ignition temperature, density, heat capacity, volume fraction of the fuel elements in the assembly, the form and shape of plastic commodity, especially the ratio of its surface area to its volume, and the mode of flame propagation. These models require detailed geometry of combustible items and material properties. The above models require detailed information on combustible materials which can rarely be obtained in design process of buildings.
For the design of upholstered furniture, CBUF model[4] is proposed using factor-based method. In the model, a series of statistically correlated factors such as "style factor" are determined to predict the peak HRR. This model was developed in greatest detail for sofas. Sub-models were also developed for mattresses and for office-type chairs made of hard-plastic shell. In this model, 15 kinds of style factors were used to describe the variation of chair specifications. To design furniture assembly, CBUF model would be practical. However in case of building design, it is still difficult to know all the corresponding factors.
On the other hand, design HRR assumptions for building fire safety design are often coarse. For example, single value of 3MW is adopted for localized fire in Verification Method for Fire Resistance in Building Standards Law of Japan [5] regardless of the potential burning items. In CIBSE Guide E [6] , the characteristic fire growth time is classified into four categories of ultra-fast, fast, medium and slow growing fires dependent only on occupancy type rather than type of potential fire source. For example,
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medium growth is suggested for dwellings, offices, hotel reception and so on.
For rational fire safety design of buildings, design HRR should be assumed based on the information on combustible items and possible arrangement. Assumption is usually made using the name of combustible items. Therefore, design HRR should be estimated for the potential burning items described by common names. For this purpose, data sources such as SFPE Handbook [7] , [8] are often referred. HRR data are classified by their names and shown graphically. Even though the Handbook data is extensive, it is still not enough for building design. HRR may depend on many factors such as size and constituent materials. The dependence is not clear in the Handbook data. Thus the engineers often wonder if Handbook data can be directly applicable to their specific project. As was discussed in preceding paragraphs, the application of detailed physical model is limited. After all, a simple model to estimate the HRR by common names, weight, size and constituent material (wooden or plastic) of combustibles is necessary.
Considering the quality of information available during building design, the model need not be very accurate but need to reflect overall tendency and to show the degree of uncertainty of the estimation.
In this study, a simple method was proposed to estimate HRR curves of various combustible items. First, literature survey was carried out to collect full-scale burning data of various combustibles. The collected datasets were analyzed to correlate the HRR curve and specification of burnt item. Items are categorized into groups by their common names and type of principal constituent materials. In some groups, all the HRR curves look alike in shape. Representative HRR curve was estimated by simply averaging all the data in one group. In some other groups, HRR varies in accordance with size of burnt item. A simple correlation model was proposed to estimate the size-dependent HRR curves. In the followings, the method of literature survey, methods of approximation and categorization of HRR curves are described in section 2. Categorization of HRR curves is described in section 3. The method of HRR estimation and an example are in section 4.
CLASSIFICATION OF THE HRR PATTERNS BY COMMON

NAMES
To develop broad database of HRR, a literature survey was carried out. Then, the collected datasets are categorized by their common names.
Literature Survey
A literature survey was carried out at the working group for Localized Fire Source for Fire Resistance Design in Architectural Institute of Japan (Aug. 2002 to Feb. 2004 [9] in order to collect experimental data of HRR curves of various combustible items. To start this survey, sources of data in SFPE Handbook (second and third editions) were investigated first. Other literatures were added on the way of further search. In total, up from 45 literatures. A lot of literatures were collected but many of them did not contain insufficient information such as a type of combustible, size of specimen, weight and full history of heat release rate. To obtain necessary information for analysis, further survey was carried out including correspondence with literature authors. As a result, data source tends to include many domestic experimental results.
The collected data were summarized in a data sheet format as shown in Figure 1 . (8) Wooden ( 
METHOD OF APPROXIMATION AND STATISTICAL
ANALYSIS
To develop representative HRR curves for categorized groups, collected datasets were approximated by a simple pattern. Using approximated curves, statistical analysis was carried out.
Approximation of HRR Curves
The collected HRR datasets were approximated by the pattern shown in Figure 2 .
Whole burning period was divided into four periods of pre-growth, initial growth, steady (maximum) burning and decay. To describe characteristics of HRR curves, the time to start initial growth (t 0 ), the time to grow to maximum burning (t grow ), the time to end of maximum burning (t max ) and the time to decay to burnout of principal part (t decay ) and the maximum HRR (Q max ) were extracted from each dataset.
Among the periods, initial growth, maximum burning and decay periods are main parts of consideration. In the pre-growth period and at the beginning of initial growth period, burning might be affected by many uncertain factors. Thus the accuracy of these periods was not overlooked. Similarly, accuracy in the decay period is not overlooked. So the HRR curve was approximated by the pattern of time squared-growth, steady burning and time-squared decay. Neglecting pre-growth period, whole the HRR curve was shifted to the left by the length of pre-growth period (=t 0 ). Thus the HRR is approximated by 
where τ grow (=t grow ) is the duration of growth period. Similarly, the fire decay rate was calculated by
where τ max (=t max -t grow ) is the duration of steady burning period, τ decay =( t decayy -t max ) is the duration of decay period.
In dealing with actual data, t-squared curves are applied to fit to the latter part of initial growth and early part of decay period as shown in the hatched part in Figure 2 . As to maximum burring period, maximum HRR was selected to fit to the peak value so as to make conservative estimate.
Figure 2 HRR data and approximated curve
Regardless of the approximations above, THR was calculated based on the experimental data not on the approximated curve. As shown in Figure 3 , instantaneous HRR was integrated by
Figure 3 THR by integration of instantaneous HRR
Statistical Analysis
As a nature of combustible items, it is expected that there are two types of variations within each group. In some of the groups, the shape and constituent material are almost invariant within group. A typical example is a chair for single person because the size is specified by the size of human body, and the constitutive material is specified by its intended function to support human body. As to this group (name-specific category), HRR curves could be simply averaged over the available datasets within the group. In other groups, the characteristic size may vary considerably even though the shapes and constituent materials are similar. For this type (size-variable category), it is necessary to estimate HRR curves depending on its characteristic size.
(1) Name-Specific Category
To derive the representative HRR curve of a category, pre-growth period t 0 was simply . Thus the correlation with the fire load becomes somewhat ambiguous. As will be mentioned in next section, this
method cannot be applied to the size-variable category.
(2) Size-Variable Category
In this category, size of combustibles is not specified only by common name. Thus the variation of size in each category must be considered. After fire growth rate, duration of maximum burning period, fire decay rate, maximum HRR were calculated for each experimental data, correlation with the size of combustibles were derived using available datasets by the process shown in Figure 4 .
Figure 4 A procedure for estimating HRR curve of size-variable category
As to fire growth rate, dependence on the size is fairly small because the initial growth depends mainly on constituent materials especially on density. For example,
Delichatios et al.
[1] theoretically derived dependence of fire growth rate of a wood crib on porosity. Thus the correlation with fire growth rate and density was considered first.
However, in many cases poor correlation were found. In such cases, fire growth rate is simply averaged over available datasets and standard deviation was calculated.
Similar to fire growth rate, correlations with fire decay rate and density are considered. If no specific correlation is found, fire decay rate is simply averaged over available datasets and standard deviation was calculated.
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For most cases, the maximum HRR depends on the surface area of combustibles.
Regression for the surface area of burning item was developed. For practical reasons, the surface area of combustible items was approximated by the bulk surface area, which is calculated by the characteristic size. In case of cubical shaped items such as sofas, chairs and so on, the surface area was approximated by To derive a correlation formula for the duration of maximum burning period, information on THR is utilized. Using the datasets, correlations with THR and weight of combustible items were derived. Duration of the maximum burning period was calculated so that the THR agrees with the characterized curve and corresponding data estimated by regression by the weight of specimens.
RESULTS OF REPRESENTATIVE HRR DEVELOPMENT
The datasets in some categories were analyzed to derive representative HRR curves.
The results for name-specific categories are shown in section 4.1, which contains plastic chairs, wood-framed chairs and sofas. The results for size-variable category are shown in section 4.2, which contains Christmas trees.
Name-Specific Category
The results of name specific categories are described in this section. This type contains chairs and sofa of various types.
(1) Plastic chairs with cushion [10] - [12] This group contains plastic chairs with polyurethane cushion materials on the seating and the back surfaces. Among the literature survey data, chairs with cushion for office and theater were collected. Constituent materials, the size and weight of these chairs are shown in Table 2 . As to theater chairs, burning tests were carried out twice No. 7 burning test was carried out on condition of seat closed on the same chair as No.5.
Specimen height, width, and depth vary in the range of 0.7 to 0.8, 0.5 to 0.6 and 0.5 to 0.6, respectively. Variation of weight is in the range of 11.3 to 33.1kg. The collected datasets are shown in Figure 5 . There is no clear difference of HRR patterns between office chairs and theater chairs. In many cases, HRR curves have two distinct peaks. After ignition on the seating surface, flame spread over the seat cushion, which corresponds with the first peak. As the cushion and plastic parts melt down, burning of the back cushion increases to result in the second peak. In most of the datasets, first and second HRR peaks are roughly the same order of 200 to 400 kW.
However, in cases of No. 3, 4, 5 and 6, HRR was drastically decreased after the first peak until the second peak appears. In these cases, the seat cushion was almost burnt out before the back cushion started to burn significantly.
The representative HRR curve was developed based on five datasets excluding No.3, 4, 5 and 6 which were quite different from assumed pattern as shown in Figure 2 .
Parameters for the representative HRR curve are shown in Table 3 . Fire growth rate is 0.035(average) ± 0.028(standard deviation) kW/s 2 , which corresponds fairly fast fire growth. Peak HRR is 383 ± 186 kW. Variation of HRR patterns around 30% of the representative HRR. As this method is simple, the degree of scatter is large. Coefficients of variation (standard deviation / average) for parameters are in the range of 0.49 to 0.8.
Using average values for all the parameters in Equation 1 to 4, average HRR curve could be developed as shown in Figure 5 by solid bold line. To estimate the degree on uncertainty, bounds for unit standard deviations were also plotted. Pessimistic estimation was derived by adding one standard deviation to the fire growth rate, the maximum HRR and the
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duration of maximum burning periods and by subtracting one standard deviation from the fire decay rate. Conversely, optimistic estimation was made by subtracting and adding one standard deviation vise versa. The experimental datasets scatters around average HRR curve. To make worst case estimation, pessimistic estimation looks enough because most of the experimental datasets are covered under the curve. (2) Rigid plastic shell chairs [10] , [11] , [13] , [14] In this group, rigid plastic shell chairs are classified. The whole seat is made of rigid plastic resin. No cushion material is equipped. By the survey, datasets for rigid plastic shell chairs for stadium and for office were collected. Constituent materials, size and weight of these chairs are shown in Table 4 . All the stadium chairs were made of high density Polyethylene. As to office chairs, two datasets are available. One is made of high molecular resin and the other was made of glass-fiber reinforced resin. Stadium chairs and glass-fiber reinforced office chairs were ignited directly. Office chairs of high After ignition, plastic shell materials melt down as they burn. Fire grows up to single peak HRR. As shown in Figure 6 , peak HRR of collected datasets are in the range of 200 -650 kW. The representative HRR curve was developed based on all the datasets.
Figure 5 HRR curves of Plastic chairs with cushion
Parameters for representative HRR curves are shown in Table 5 . Using average and standard deviation values, HRR curves were developed in a same way to previous case.
The fire growth rate and the maximum burning period are slightly smaller than the plastic chairs with cushion. The peak HRR is a bit larger than the plastic chairs with cushion. (3) Single Wood-framed chairs with thin cushion [11] , [15] - [17] This group contains single wood-framed chairs. Small amount of cushion materials are put on seating and back surfaces. In this literature survey, one wood-framed chair with thin cushion for theater and 13 chairs for household were collected. Constituent materials, size and weight of these chairs are shown in Table 6 . The frame or body The result is shown in Figure 7 . In many cases, HRR is gradually decreased after peak burning period. The peak HRR and THR are smaller than those of plastic chairs with cushion and rigid plastic shell chairs because the burning of wood frame material is not very severe. As shown in Figure 7 , the peak HRR of collected data are in the range of 70 -350 kW, which are smaller than those of plastic chairs with cushion or rigid plastic shell chairs.
Figure 6 HRR Curves of Rigid plastic shell chairs
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The representative HRR curves were derived based on all the datasets. Parameters are shown in Table 7 . The representative HRR curves are shown in Figure 7 .
For this category, HRR is about half of plastic chairs. Scatter of dataset is quite large. 
Figure 7 HRR curves of Single Wood-framed chairs with thin cushion
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(4) Sofas for single person[4], [11] , [18] , [19] The size and weight of sofa is usually much larger than chairs. In addition, sofas have large amount of cushion materials on the seating, armrests and the back surfaces. The full surface is involved in burning during peak burning period. Thus the heat release of sofa is normally large.
In all, 14 datasets of sofas for single person were collected. Constituent materials, size and weight of these chairs are shown in Table 8 . Specimen height, width, and depth vary in the range of 0.48 to 0.81, 0.78 to 0.91 and 0.50 to 0.91 meters respectively. Variation of weight is in the range of 11.5 to 28.3 kg. The datasets of sofa for single person are summarized in Figure 8 . The initial growth is rapid. The peak HRR is about 1,000 -2,000 kW. After peak period, HRR decays gradually.
AKIKO NATORI, NORICHIKA KAKAE, JUN KITAHORI, TSUNETO TSUCHIHASHI, TOSHIHIKO ABE, TSUTOMU NAGAOKA, YOSHIHUMI OHMIYA and KAZUNORI HARADA
Among the 14 datasets, one dataset (No.1) corresponds with fire-retarded materials.
As shown in Figure 8 , the effect of fire retardant is obvious to reduce initial growth rate.
However, the effect is hard to quantify because of insufficient number of collected data.
Thus dataset No.1 was excluded from statistical analysis. In addition, it was difficult to approximate the dataset No7 by the pattern shown in Figure 2 as this dataset contains two distinct HRR peaks similar to plastic chairs with cushion. Thus, dataset No.7 was excluded to calculate the parameters other than maximum HRR.
Parameters for representative HRR curves are shown in Table 9 . Representative HRR curves are shown in Figure 8 . The fire growth rate, the decay rate and the peak HRR are much larger than those of other groups described above. The maximum burning period is similar to that of wood-framed chairs with thin cushion. Also in this category, the pessimistic estimation covers most of the datasets. 
Figure 8 HRR curves of Sofas for single person
Size-variable category
As pointed out in the previous section, some of the datasets in some categories include various sizes of burning objects. In this section, a method is proposed to estimate HRR patterns considering the dependence on the size based on the correlations of datasets. A
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simple example is demonstrated for dry Christmas trees.
( was considered that the influence by variation of constituent materials is negligible.
Therefore, the size-dependent regression formula for HRR was developed for Christmas trees. However, as to large sofas, available data was insufficient especially on size and weight. Thus the datasets were not analyzed.
To develop the size-dependent regression formula, the diameter (defined as the bulk width of trees, as show in Figure 9 ) and the height (defined by the distance to top of tree) and the weight were considered. The type of trees, density of tree body, moisture content, detailed shapes such as the thickness of trunks and the degree of spread of the branches and so on were not considered but taken into account by scatter of data.
The variation of diameter and height of Christmas tree datasets is shown in Figure 10 .
The correlation between diameter and height is not so strong. Diameter varies between 1 and 2 meters. Height varies between 2 and 3 meters. Height -width ratio is in the range of 1 to 2.5. The datasets for Christmas trees (dry state) are summarized in Figure 11 and Table 10 . * Surface area is calculated as a cylinder whose diameter and height are equal with each specimen.
(2) Derivation of correlation formula
Fire growth rate α
The fire growth rate α varies considerably among cases. Measured data are in the range of 0.55 to 9.17 kW/s 2 . To examine whether fire growth rate depends on size and/or density, correlations between fire growth rate and height, diameter and density of specimens were analyzed as shown in Figure 12 . Here, the density ρ is calculated by dividing specimen weight W by the bulk volumeπ-DH,
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As shown in Figure 12 , there were no clear correlation between fire growth rate and those parameters. In the following analysis, the effect of these parameters is neglected, and the variation of fire growth rates was considered as a simple scatter. The histogram of fire growth calculated from all the datasets for dry Christmas tree is shown in Figure 13 . In most of the data, fire growth rate is more than 1.0 kW/s 2 , which corresponds with significantly quick fire growth. The average value is 3.14 kW/s 2 . Standard deviation is 2.66kW/s 2 . The scatter of data looks like a lognormal distribution (3.14, 2.66) as shown in Figure 13 . The relationship between surface area and maximum HRR of datasets is shown in Figure 14 . In this plot, the surface area was approximated by a circular cylinder whose diameter and height is equal with each specimen as shown in Figure 9 .
A simple regression results in
which is shown in Figure 14 by solid line. In order to calculate the optimistic regression and the pessimistic regressions, average and standard deviation of slope were calculated.
As shown in Figure 14 by broken lines, pessimistic (average + standard deviation) and
The coefficient of variation is 126/278=0.45, which is fairly small for this type of analysis.
Figure 14 The Relationship between surface area and peak HRR of dry Christmas trees
Fire decay rate α d Similar to fire growth rate α, correlations between fire decay rate α d and parameters such as height, diameter and density were analyzed as shown in Figure 15 . As to geometrical parameters (height and diameter), correlation seems weak. As to density, fire decay rate tends to decrease as density increases. However, the scatter is greater than the global tendency.
Considering with the consistency with the treatment in fire growth rate, explicit correlation was not adopted but simple average was applied to fire decay rate as well.
As shown in Figure 16 , most data are in the range of 0 and 3.0. The average value is 0.82 kW/s 2 . Standard deviation is 0.68 kW/s 2 .
Figure 15 Correlations between fire decay rate and height, diameter and density of dry Christmas trees
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Figure 16 Histogram of fire decay rate of dry Christmas tree Total heat release THR
The total heat release was correlated with total weight of specimens. Similar to the relationship between surface area and peak HRR, the simple regressions were calculated. The results are shown in Figure 17 . Good correlation is obtained as
for average value. The optimistic and pessimistic regressions result in ,
where W[kg] is weight of specimen. Figure 17 The Relationship between specimen weight and THR
Reproduction of HRR pattern
To verify the derived parameters and to check the degree of accuracy, HRR patterns were reproduced for each dataset by using the method shown in The results of over estimation, best estimation and under estimation of samples are summarized in Table 11 . Using the values, HRR patterns are reproduced as shown in Figure 18 in comparison with experimental datasets. The estimation error is about from half to twice experimental data. 
CONCLUSION
The literature survey was carried out to collect full scale burning experimental data of various combustibles. The datasets were categorized into groups by the object name and constituent materials. As to some groups such as chairs, sofas and Christmas trees, heat release rate patterns are summarized and representative HRR curves were derived. As to the category of fixed size objects such as chairs and sofas, the HRR parameters such as fire growth and decay rates, peak HRR and duration of maximum burning period are simply averaged to develop the representative HRR patterns. As to the categories of variable size objects such as Christmas tree, the dependence of HRR parameters was correlated with surface area and weight.
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By using experimental datasets of chairs, sofas and Christmas trees, representative HRR curves were derived. Even though the method is simplified, the accuracy of prediction is acceptable. It was shown that Using pessimistic estimation (average plus one standard deviation) to the HRR parameters, most of the experimental data can be covered.
